The relationship of limbed vertebrates (tetrapods) to lobe-finned fish (sarcopterygians) is well established, but the origin of major tetrapod features has remained obscure for lack of fossils that document the sequence of evolutionary changes. Here we report the discovery of a well-preserved species of fossil sarcopterygian fish from the Late Devonian of Arctic Canada that represents an intermediate between fish with fins and tetrapods with limbs, and provides unique insights into how and in what order important tetrapod characters arose. Although the body scales, fin rays, lower jaw and palate are comparable to those in more primitive sarcopterygians, the new species also has a shortened skull roof, a modified ear region, a mobile neck, a functional wrist joint, and other features that presage tetrapod conditions. The morphological features and geological setting of this new animal are suggestive of life in shallow-water, marginal and subaerial habitats.
The evolution of tetrapods from sarcopterygian fish is one of the major transformations in the history of life and involved numerous structural and functional innovations, including new modes of locomotion, respiration and hearing. Fish and tetrapod fossils across this transition can reveal how these innovations were assembled. During the origin of tetrapods in the Late Devonian (385-359 million years ago), the proportions of the skull were remodelled, the series of bones connecting the head and shoulder was lost, and the region that was to become the middle ear was modified. At the same time, robust limbs with digits evolved, the shoulder girdle and pelvis were altered, the ribs expanded, and bony connections between vertebrae developed. Few of these features, however, are seen in the closest relatives of tetrapods-the elpistostegalian fishes-which are incompletely known. Elpistostege, for example, is represented only by two partial dermal skull roofs and a segment of the axial skeleton from the early Frasnian Escuminac Formation in Quebec [1] [2] [3] . The best-known elpistostegalian, Panderichthys, consists of complete specimens of Middle to Late Devonian age (late Givetian and early Frasnian stages) mostly from the Lode quarry in Latvia [4] [5] [6] [7] [8] [9] [10] . Panderichthys possesses relatively few tetrapod synapomorphies, and provides only partial insight into the origin of major features of the skull, limbs and axial skeleton of early tetrapods. In view of the morphological gap between elpistostegalian fish and tetrapods, the phylogenetic framework for the immediate sister group of tetrapods has been incomplete and our understanding of major anatomical transformations at the fish-tetrapod transition has remained limited.
The discovery of a new elpistostegalian sarcopterygian from the Fram Formation in Nunavut Territory, Canada ( Fig. 1 ) significantly enhances our knowledge of the fish-tetrapod transition. Many articulated specimens from a single site are used to describe a taxon that is a remarkable intermediate between Panderichthys and early tetrapods. The material provides opportunities to assess the morphological and functional changes associated with the origin of tetrapods. Canadian Arctic Archipelago. Palynomorph biostratigraphy places the Fram Formation in the early and middle Frasnian stage of the Late Devonian [11] [12] [13] . Elpistostegalians were found at three localities in the Fram Formation, but the most fossiliferous site (NV2K17) lies in the type section approximately 500 m above the base of the 1,125-m-thick sequence (Fig. 1) . The Fram Formation, characterized by alternating resistant sandstones and recessive siltstones, is interpreted as the deposits of meandering stream systems 11, 13 . Site NV2K17 is within a 30-m-thick, siltstone-dominated sequence bounded by cross-bedded channel sandstones. The fossiliferous unit is a 15-cm-thick, poorly sorted siltstone with dense concentrations of carbonate nodules, intraformational clasts, and skeletal fragments overlain by a 15-cm-thick massive siltstone with articulated and disarticulated remains of sarcopterygian fishes. This package of sediment is evidence of a channel avulsion event that carried bedload, suspended sediment load, and fishes into an interchannel area where rapid deposition occurred.
Geological framework
Articulated individuals occur as three-dimensional, slightly crushed specimens scattered across the fossiliferous zone, often overlapping and with no preferred orientation. The upper surfaces of articulated specimens are usually more incomplete than the lower, Fig. 3 for labelled drawing of skull in dorsal view. Abbreviations: an, anocleithrum; bb, basibranchial; co, coracoid; clav, clavicle; clth, cleithrum; cbr, ceratobranchial; ent, entopterygoid; hu, humerus; lep, lepidotrichia; mand, mandible; nar, naris; or, orbit; psp, parasphenoid; ra, radius; suc, supracleithrum; ul, ulna; uln, ulnare. Scale bar equals 5 cm.
indicating that the bodies were briefly exposed before burial. The fossiliferous zone is overlain by a 60-cm-thick featureless siltstone that grades into a palaeosol with root traces and carbonate nodules. The fauna from the site includes the antiarch placoderm Asterolepis sp., lungfish, holoptychiid porolepiforms (including Laccognathus sp.), osteolepidid and tristichopterid sarcopterygians, and the new elpistostegalian sarcopterygian. Remarks. Elpistostegalia (¼Panderichthyida 17 ) has generally been used to unite Elpistostege and Panderichthys to the exclusion of other sarcopterygians 5, 18 . Most of the features used to support this grouping, however, are also seen in early tetrapods such as Acanthostega [19] [20] [21] [22] , Ichthyostega 23 and Ventastega 24, 25 . Accordingly, a flattened skull with dorsally placed eyes, an elongate snout including paired frontal bones, enlarged prefrontal bone, marginal nares, enlarged spiracle, dorsoventrally flattened body, and loss of the anterior dorsal fin are all attributes of the tetrapod stem lineage and do not unite Elpistostege and Panderichthys unambiguously 26, 27 . Consequently, we use Elpistostegalia as the name of the node along the tetrapod stem lineage that includes the common ancestor of Panderichthys, Elpistostege and tetrapods and is diagnosed by the characters above. We use the term 'elpistostegalian fish' for the paraphyletic grade of flat-headed, finned sarcopterygians that lie along the tetrapod stem lineage. Material. This description is based on a suite of specimens (NUFV 108-135) from a single locality (NV2K17). Three specimens (NUFV 108-110) preserve skulls, pectoral girdles and fins in articulation. Consistent features of all elements throughout a twofold size range indicate that this suite of specimens represents a single species. Specimens were mechanically prepared under a binocular microscope. Material is to be housed at the Canadian Museum of Nature, Ottawa, Ontario, until such time as museum and research facilities are developed within the Nunavut Territory. Note that the narrow zone between the postorbital and the supratemporal is a slightly separated scarf joint, not a rostral extension of the spiracle. Abbreviations: addfos, adductor fossa; art, articular; dent, dentary; fr, frontal; hyom, hyomandibula; ju, jugal; la, lacrimal; pa, parietal; po, postorbital; pof, postfrontal; pop, preopercular; pp, postparietal; prf, prefrontal; qj, quadratojugal; sq, squamosal; su, supratemporal; ta, tabular. Scale bar equals 5 cm.
Systematic palaeontology

Diagnosis. Elpistostegalian sarcopterygian differentiated from
Panderichthys in the loss of the intertemporal, opercular, subopercular and extrascapular bones and in the possession of a snout longer than the postorbital skull roof, a relatively wider spiracular notch, and imbricate ribs. Tiktaalik is differentiated from both Panderichthys and Elpistostege by a postfrontal-supratemporal contact (excluding postorbital-parietal contact), a postfrontal that does not extend anterior to the orbits, and the incorporation of the supratemporal into the medial margin of the spiracular notch. Tiktaalik is further differentiated from Elpistostege in having narrowly overlapping dorsal scales that are only slightly taller than wide. Among the features that differentiate Tiktaalik from Acanthostega and other tetrapods are the presence of lepidotrichia in the pectoral and pelvic fins, a relatively elongate hyomandibula, pectoral fin radials that branch, dermal supracleithral elements, a precoronoid fossa in the lower jaw, and a palate with entopterygoids that do not meet at the midline.
Description
The skull of Tiktaalik has marginal nares, large prefrontals, and closely spaced, dorsally placed orbits as in Panderichthys 5 , Elpistostege 3 and early tetrapods 20, 23 . The elongation of the rostrum relative to the postorbital region of the skull is more similar to Elpistostege and Acanthostega than Panderichthys (Fig. 4) . Tiktaalik possesses a broadly overlapping scarf joint between the lacrimal and prefrontal. As in Panderichthys and Elpistostege, the extent of the lacrimal and jugal along the orbital margin varies, even in the same individual (Fig. 4) . The postfrontal is elevated along the medial orbital margin to form a prominent brow ridge, as in Panderichthys and Elpistostege. A distinct crest in the posterior portion of the cheek is formed by the ventral margins of the squamosal and a small preopercular. Ventral to this crest, an elongate quadratojugal contacts the jugal, a derived condition also seen in Panderichthys and early tetrapods. In contrast to Panderichthys, the intertemporal is absent in Tiktaalik, Elpistostege and some early tetrapods. Uniquely, the postfrontal reaches the supratemporal, thereby excluding contact between the postorbital and parietal. In Panderichthys, the parietal-postparietal suture is interdigitated 5 , whereas in Tiktaalik the suture is linear and slightly separated in NUFV 108 and NUFV 110. There is a firm sutural union between supratemporal and parietal. The spiracular notch in Tiktaalik is wider than that in Panderichthys and comparable in width to that in Devonian tetrapods such as Ventastega 25 . The width of the spiracular notch is unknown in Elpistostege. In Tiktaalik, the notch is bounded medially by the tabular and supratemporal; Panderichthys, in contrast, does not incorporate the supratemporal into the medial margin of the spiracular notch, and a reconstruction of Elpistostege 27 appears to show the same condition. In Tiktaalik, the supratemporal-postorbital contact is a scarf joint extending anteriorly from the spiracular notch. The morphology of the sutural contact between these elements in Panderichthys and Elpistostege is unclear. The rugose texture of the postparietal shield of Tiktaalik is suggestive of muscle insertion over much of this surface except for ornamented portions of the tabular and raised margins of the sutures. In NUFV 108, the exposed portion of the palate reveals that the entopterygoids are separated by the parasphenoid and vomers anteriorly and do not meet in the midline (Fig. 2c) , as in Panderichthys 5 and in contrast to the inter-entopterygoid contact of early tetrapods. The posterior part of the palatoquadrate in NUFV 108 is a dorsoventrally shallow ramus, as in Panderichthys and early tetrapods 10 . The remainder of the palate in specimens of Tiktaalik is not known because it is obscured by lower jaws, gulars and branchial elements.
The sample of Tiktaalik lower jaws, with lengths ranging from 170-310 mm, represents at least ten individuals. The configuration of the bony elements comprising the lower jaw and the arrangement of the dentition are similar to that in Panderichthys 28 (Fig. 5) . The rostral end of the lower jaw of Tiktaalik is not as deep as that of Panderichthys. There is no indication of dorsal closure of the precoronoid fossa nor the starburst pattern of ornament on the infradentaries that characterize early tetrapod jaws 28 . The elongate and robust ceratobranchials in Tiktaalik extend into the gill chamber and bear a deep, longitudinal vascular sulcus along their ventral surfaces that is indicative of well-developed gills 29 . The short, piriform hyomandibula spans the spiracular notch, articulates medially with facets on the braincase, and attenuates laterally at its contact with the medial surface of the palatoquadrate.
The three articulated specimens of Tiktaalik (NUFV 108-110) that preserve skulls, pectoral girdles and fins show no indication of an opercular or subopercular, despite the relatively complete and articulated preservation of other skeletal elements in the shoulder and posterior skull region. In NUFV 108 (Fig. 2) , which was preserved dorsal-side down, the complete and largely undistorted preservation of the dorsal skull roof, pectoral girdles and dorsal scales adjacent to the area where opercular and subopercular would lie supports the inference that the absence of these bones is not due to postmortem disassociation. The extrascapular series is also absent, eliminating bony connection between the skull and the pectoral girdle. Submandibulars and large gulars are present in Tiktaalik; the status of the preoperculosubmandibular is indeterminate.
The dorsal lamina of the cleithrum is posteriorly inclined and thus presents a low profile in lateral view as in Panderichthys. The robust cranial margin of the cleithrum forms a buttress for the posterior margin of the gill chamber. The ornamented supracleithral series is complete; a posttemporal overlaps the supracleithrum, which in turn overlaps an elongate anocleithrum. The presence of an ornamented supracleithral series is shared with more primitive sarcopterygian fish whereas the loss of the extrascapular series was previously known only in tetrapods. Details of the shoulder girdle and fins are described in an accompanying paper 30 . The dorsal surface of Tiktaalik is covered with rhombic, overlapping, tuberculated scales that are similar to those of Panderichthys (Fig. 2b) . In both taxa, the scales are slightly taller than wide and each scale narrowly overlaps the adjacent posteroventral scale. In contrast, the rhombic scales of Elpistostege are twice as tall as wide and overlap the adjacent scale over a much broader area 2 . As in Panderichthys, the dorsal scale cover in Tiktaalik (NUFV 108) shows no interruption for an anterior dorsal fin.
The vertebral elements appear to be unossified in NUFV 108 (Fig. 2) . In contrast, the well-ossified costal skeleton indicates a presacral vertebral count of approximately 45 (Fig. 6) (Fig. 6 ) bear plate-like flanges that extend from the caudal margin of each shaft. Distally the ribs attenuate to conventional rod-like form. Posterior ribs of the trunk are shorter, and the flanges are broadly triangular. Adjacent ribs imbricate with the internal surfaces overlapping the external surface of the rib behind. The anterior-most ribs exposed in NUFV 108 have ventrally reflected uncinate processes along their cranial margins (Fig. 2c) . The expanded, imbricate ribs of Tiktaalik extend more ventrally and are broader than the ribs reported for Panderichthys 5 , which do not imbricate. Imbricate ribs were previously known only in tetrapods such as Ichthyostega 23, 32 .
Phylogenetic relationships
A phylogenetic analysis of sarcopterygian fishes and early tetrapods (Fig. 7) supports the hypothesis that Tiktaalik is the sister group of tetrapods or shares this position with Elpistostege. Tiktaalik retains primitive tetrapodomorph features such as dorsal scale cover, paired fins with lepidotrichia, a generalized lower jaw, and separated entopterygoids in the palate, but also possesses a number of derived features of the skull, pectoral girdle and fin, and ribs that are shared with stem tetrapods such as Acanthostega and Ichthyostega. Tiktaalik is similar to these forms in the possession of a wide spiracular tract and the loss of the opercular, subopercular and extrascapulars. The pectoral girdle is derived in the degree to which the scapulocoracoid is expanded dorsally and ventrally, and the extent to which the glenoid fossa is oriented laterally 30 . The pectoral fin is apomorphic in the elaboration of the distal endoskeleton, the mobility of segmented regions of the fin, and the reduction of lepidotrichia distally 30 . Panderichthys, Elpistostege and Tiktaalik are a paraphyletic assemblage of elpistostegalian fish along the tetrapod stem that lack the anterior dorsal fins and possess broad, dorsoventrally compressed skulls with dorsally placed eyes, paired frontal bones, marginal nares, and a subterminal mouth. The paraphyletic nature of this assemblage is particularly informative for reconstructing features of the common ancestor of tetrapods and unravelling the sequence of character acquisition in the evolution of the tetrapod body plan. Derived features in the rear of the skull preceded changes to the lower jaws and palate. In addition, loss of the opercular, subopercular and the extrascapular series occurred before the loss of the gulars, submandibulars and the supracleithral series. Some tetrapod-like features evolved independently in other sarcopterygian groups. For example, apomorphies of the fin and shoulder of Sauripterus 33 and the neck region of Mandageria 34 are homoplasies that are shared with more basal members of the tetrapod stem.
Biogeography of Tiktaalik
The temporal and geographic provenance of Panderichthys, Elpistostege and Tiktaalik indicate that the radiation of elpistostegalian fish occurred during the late Givetian to early Frasnian within the Euramerican landmass (Fig. 8) , strengthening the argument for the origin of tetrapods within Euramerica 35 . The fauna associated with Tiktaalik is very similar to that from the late Givetian to early Frasnian deposits at the Lode quarry in Latvia that produce Panderichthys, thus providing strong evidence of a palaeobiogeographic connection between Nunavut and the Baltic region during the Late Devonian. The non-marine depositional setting for Tiktaalik differs from the deltaic and estuarine settings of Panderichthys 36 and Elpistostege 37 , respectively, suggesting that elpistostegalian fishes were exploiting a range of habitats.
Palaeobiology of Tiktaalik
Overall, the skeleton of Tiktaalik is that of a flat-bodied animal with raised and dorsally placed eyes, a mobile neck, imbricate ribs, and a pectoral girdle and forefin capable of complex movements and substrate support 30 (Fig. 6 ). This suite of features represents a major departure from the pattern in more primitive sarcopterygian fishes. The sedimentological interpretation of the Fram Formation indicates that Tiktaalik lived in a low gradient, meandering fluvial system within a subtropical to tropical climatic belt 13 . In this setting, Tiktaalik developed new mechanisms of head movement, respiration and body support that enabled this fish to exploit shallow water and even subaerial habitats. In support of this interpretation, ribs of the type that occur in Tiktaalik augment thoracolumbar rigidity and axial support 38 , functions that are not necessary in an aquatic setting that is deep enough to support the body.
Many of the specialized features of Tiktaalik relate to changes in respiration relative to that in more primitive sarcopterygians. Tiktaalik is transitional in the evolutionary shift from the pharyngeal and opercular pumps employed by fish to the buccal and costal pumping mechanisms of tetrapods. The expanded gular plates and robust branchial elements could have provided the mechanical basis for buccal pumping for lungs as well as gills. The emphasis on buccal pumping is further augmented by the expansion of the width of the skull, which enhances the volume of the buccal cavity. The likelihood that gular plates and other branchial elements assumed a predominant respiratory function for air breathing in Tiktaalik is increased by loss of the operculum and the apparent reduction of the opercular apparatus.
An enlarged spiracle has been interpreted to have a respiratory role in early tetrapods 10, 35 and modifications to the spiracular region across the fish-tetrapod transition may be specializations for spiracular breathing across the aquatic-terrestrial interface. The condition of the hyomandibula and spiracular tract in Tiktaalik illustrates part of the phylogenetic trajectory of enlarging the spiracular tract and reducing the hyomandibula. In comparison to osteolepiforms, Panderichthys has a relatively wide spiracle and a shortened, rod-like hyomandibula ending at the opercular process 10 . Tiktaalik continues this trend with a still wider, tetrapod-like spiracular tract and a shorter, more robust hyomandibula. In Acanthostega, the broad spiracular tract houses a short, robust stapes with the stapedial footplate lodged in the fenestra vestibuli of the braincase 39 , although the stapes retains its primitive role in palatal and spiracular movements 40 . These changes in cranial architecture are also associated with new patterns of locomotion 30 and, apparently, feeding. The loss of the opercular, subopercular and the extrascapular series effectively decoupled the head from the pectoral girdle, introducing an independent range of motion of the head, and greater freedom of the pectoral girdle and fin. An extensive area for cervical muscle insertion is developed across the dorsal surface of the posterior skull roof, augmenting the potential for head mobility. The robust scapulocoracoid, extensive endochondral skeleton and reduced lepidotrichia of the pectoral fin suggest a strong and flexible appendage capable of complex movements across a substrate 30 . Major elements of the tetrapod body plan originated as a succession of intermediate morphologies that evolved mosaically and in parallel among sarcopterygians closely related to tetrapods, allowing them to exploit diverse habitats in the Devonian. The geological setting in which Tiktaalik was found supports the view that shallow water habitats on Late Devonian floodplains of the Euramerican landmass were the locus for the fish-tetrapod transition. New discoveries of transitional fossils such as Tiktaalik make the distinction between fish and the earliest tetrapods increasingly difficult to draw.
